The attention of the global pollination community has been drawn to food safety and other ecosystem services provided by pollinators, in light of decline in social bee populations. Despite intensified research on bees, recent studies have revealed important contributions of flies to pollination success, reproductive isolation and floral diversification. Diptera is a highly diverse insect order, comprising over 125,000 described species in 110 families and representing a broad spectrum of ecological niches beyond the well-known agricultural pests and blood-feeding vectors of human and animal diseases. Flies are most appreciated as generalized pollinators in alpine habitats (anthomyiids and tachinids) and as specialized pollinators in brood-site deceptive plants that mimic fungi (drosophilids), feces (muscids) or carrion (sarcophagids and calliphorids). Syrphid and bombyliid flies visit many of the same flowers as bees and butterflies do, but with different impacts on plant fitness. Guilds of South African plants have evolved specialized relationships with long-tongued nemestrinid and tabanid flies, thanks to geographic isolation and climatic stability. Studies in Japan highlight the evolution of another plant guild, pollinated by sciarid and mycetophilid fungus gnats, whereas Zygothrica flies (Drosophilidae) pollinate mushroom-like Dracula orchids in Andean cloud forests.
Introduction
Since the publication of "The Forgotten Pollinators" (Buchmann and Nabhan 1996) , there has been a concerted effort to expand studies of plant-pollinator interactions across several scales (landscape, geographic, phylogenetic) and contexts (biodiversity, mutualism, ecosystem services and agriculture) (Garibaldi et al. 2013; Potts et al. 2016; Ricketts et al. 2008) . One outcome of expanded global attention to plant-pollinator dynamics has been the realization that populations of social bees, especially managed colonies of the European honey bee (Apis mellifera) and wild species of bumble bee (Bombus spp.), are in global decline, with the predicted consequences of widespread economic and food security-related costs (Aizen and Harder 2009; Bartomeus et al. 2011; Potts et al. 2010) . Despite their numerical dominance, social bees are not the only insect pollinators, nor are they always the most efficient or important pollinators for all crop plants and their wild relatives (rev. by Rader et al. 2016 Rader et al. , 2019 . Another consequence of increased global awareness of pollinator vulnerability has been a growing appreciation for the diversity and abundance of flower-visiting flies (Diptera) and their potential as alternative pollinators (Mitra and Banerjee 2007; Orford et al. 2015; Ssymank et al. 2008) . The order Diptera is highly diverse (125,000 spp., 110 families), with nearly every conceivable ecological niche represented in at least one fly lineage (Wiegmann et al. 2011) . A series of recent reviews has documented the taxonomic diversity of flower-visiting Diptera (Larson et al. 2001) , the fitnessrelated rewards and sensory traits that attract flies to flowers (Lunau 2014; Woodcock et al. 2014 ) and the available evidence describing how different fly groups seek food, brood sites and mates at flowers (Inouye et al. 2015) . Considering the comprehensive nature of these recent reviews, my goal in this short review is to highlight a subset of dipteran families to make more generalized points about the ecology and evolution of fly pollination. Below, I outline some of the proximate mechanisms (e.g., sensory aspects) and ultimate causes (nutritional vs. reproductive imperatives) compelling 1 3 flies to visit flowers, with a special focus on recent studies documenting the mediation of obligate mutualism and deception by floral volatiles.
Food reward-based fly pollination: the nutritional spectrum
Certain fly lineages have been well studied for their importance as pollinators of nectar-and/or pollen-rewarding flowers worldwide. Taken as a group, these flies visit flowers to satisfy adult nutritional needs, showing a range of generalized to specialized foraging behaviors. On one end of this spectrum are the hoverflies (Syrphidae), whose generalized foraging habits, capacity for flower constancy and global distribution suggest their potential as surrogate pollinators where bees are absent or in decline (Goulson and Wright 1998; Jauker and Wolters 2008; Rader et al. 2013) . Because syrphids are diverse in form and ecology, it has proven difficult to generalize about their quality as pollinators. For example, different syrphid fly species vary in their pollen transfer effectiveness and interplant movement patterns when visiting flowers of common mustards (Brassica spp.; Gervasi and Schiestl 2017; Jauker and Wolters 2008; Rader et al. 2013; Saunders and Rader 2019) . Behavioral experiments reveal that small, yellow-colored floral markings (akin to anthers with yellow pollen) release innate proboscis extension behavior in flower-naïve syrphids (Lunau and Wacht 1994) . However, syrphids do not universally prefer yellow flowers and can demonstrate local preferences to different flower color-shape-scent combinations across continental distributions (Nordström et al. 2017) . In some cases, syrphid flies with aphid-eating larvae are lured by orchid flowers that engage in chemical deception by emitting compounds that mimic aphid alarm pheromones, which are presumably used by female syrphids to find aphid populations (Stökl et al. 2011) . This is an unusual case of syrphid fly pollination by brood-site deception (see below).
On the other end of the generalist-specialist spectrum are the tangle-veined flies (Nemestrinidae), which are most prevalent in South Africa, where plants from many families utilize them as their primary, specialized pollinators (Goldblatt and Manning 2000) . Although nectar-feeding flies with mouthparts exceeding their body lengths have evolved independently in the Bombyliidae and Acroceridae (Grant and Grant 1965) , these flies are more often members of mixed pollinator assemblages along with small bees and butterflies (Miller et al. 2013; Thompson and Pellmyr 1992) . In contrast, long-tongued Nemestrinidae and Tabanidae represent a distinct pollinator niche in southern Africa, driving the evolution of specialized guilds of plants with colorful, scentless (or weakly scented), long-tubed flowers across South African habitats (e.g., fynbos, succulent karoo, grassland; Anderson and Johnson 2009; Goldblatt and Manning 2000) . Visual signals, including flower color and conspicuous nectar-guide patterns, are important in flower choice and handling (via proboscis placement) by long-tongued flies, enhancing pollen movement (Hansen et al. 2011) . Convergent evolution of floral color and shape appears to drive Batesian mimicry of nectar-rich plants by nectarless Disa orchids (Johnson and Morita 2006; Johnson and Steiner 1997) , resulting in increased outcrossing rates for the orchids due to fly movement between nectarless plants (Jersáková and Johnson 2006) .
Recent studies in Japan revealed the presence of another guild of convergently evolved, fly-pollinated plants, long overlooked within a well-studied flora, in this case utilizing nectar-foraging fungus gnats (Mycetophilidae and Sciaridae) as pollinators (Mochizuki and Kawakita 2017) . Previous studies had detailed an obligate relationship between long-tongued gnats and tiny Mitella flowers (Saxifragaceae), distinguished by their red or green color, highly divided petals and distinctive scents (lilac aldehydes and alcohols; Okamoto et al. 2015) . Mochizuki and Kawakita (2017) describe the repeated evolution of such flowers in the East Asian flora (families Garryaceae, Celastraceae, Hamamelidaceae, and Liliaceae), pollinated by mycetophilids and sciarids during spring and fall, at dusk.
Calyptrate flies (including Muscidae, Calliphoridae, Tachinidae and other families of bristle-covered flies) are best known as pollinators of brood-site deception, including those mimicking dung and carrion (rev. by Jürgens et al. 2013; Urru et al. 2011; see below) . Nevertheless, these flies frequently visit non-mimetic flowers seeking more conventional nutritious rewards and are becoming more appreciated for their importance as pollinators (Orford et al. 2015) . At a landscape scale, calyptrate flies are more prevalent flower visitors and pollinators in habitats where their life cycles are enhanced by human activities, such as dairy farms and livestock pens (Saunders and Rader 2019) . Calyptrate flies often are observed to be numerically dominant flower visitors in high altitude and/or high latitude biomes worldwide (rev. by Kearns 1992; Larson et al. 2001) , especially for plants in the Apiaceae with white or dull-colored umbels, unpleasant (to humans) scents and accessible nectar (e.g., Pastinaca sativa; Jogesh et al. 2014 ).
Obligate mutualism and brood-site deception: the reproductive spectrum
Pollination biologists less frequently consider the cases in which insects visit flowers to promote their reproductive success, rather than to acquire nutritional rewards (see Bernhardt 2000; Pellmyr and Thien 1986) . Considered broadly, reproduction-related floral resources range from mate rendezvous sites (Johnson and Dafni 1998) to oviposition sites needed by larvae (Sakai 2002) . Thus, the spectrum of pollination systems in the reproductive category extends not only from the specialized to the generalized (as with nectar-and pollen-driven systems described above) but more importantly, from obligate mutualism to deception.
Cases of obligate mutualism are well documented for fly-pollinated plants including the "nursery pollination" of globe flowers (Trollius europaeus; Ranunculaceae) by Chiastochaeta flies (Anthomyiidae; Ibanez et al. 2010 ) and of Alocasia odora (Araceae) by Colocasiomyia flies (Drosophilidae; Miyake and Yafuso 2003) . Sakai (2002) distinguished between three larval resource classes in nursery pollination mutualisms: ovules, pollen and decaying (non-gametic) tissues from flowers or inflorescences. Sakai (2002) noted that these three classes of brood-site resources differ in degree of specialization (i.e., ovule-utilizing insects are more specialized than those utilizing anthers or pollen as a brood resource) and in the selective pressures experienced by the host plant. For example, ovule-based nursery pollination systems may evolve host sanctions (e.g., selective abortion of developing fruits) to select against the offspring of pollinators that "defect" on the mutualism by laying too many eggs into fig ovules (Jandér and Herre 2010) or may evolve counter-adaptations to reduce ovule loss when alternative (and more benign) pollinators are present (Thompson and Cunningham 2002) .
In contrast, nursery mutualisms in which the pollinators' larvae utilize non-gametic floral tissues (or microbes growing upon them) obviate the need for sanctions, because larvae feed on tissues physically removed from fertilized ovules, in some cases after flowers abscise and fall to the forest floor (Sakai et al. 2000) . Because many non-pollinating insects feed on rotting flowers or their microbial symbionts, such post-pollination nursery pollination systems tend not to be as specialized as ovule-based obligate mutualism. When pollinator relationships are specialized, as in the case of Alocasia aroids, specialization is mediated by the chemical composition of floral volatile attractants (a partner choice mechanism; see Hossaert-McKey et al. 2010), the enclosure of sexually mature florets within a chamber-forming spathe and the timing (phenology) of both chemical and physical "filters" that restrict broader visitor access to floral tissues (Miyake and Yafuso 2003) .
Less common than nursery pollination, which is driven by mated female insects, are systems in which unmated male insects visit flowers to collect materials used in courtship. Although the acquisition of "aphrodisiac" volatile oils from flowers is well documented for male orchid bees (Euglossinae; Apidae) in the Neotropics (Zimmermann et al. 2009 ; Hetherington-Rauth and Ramírez 2016), a parallel system has evolved in the orchid genus Bulbophyllum in the Malay Archipelago, pollinated by male fruit flies (Tephritidae; Tan and Nishida 2000) . The orchids emit volatile phenylpropanoids (methyl eugenol, raspberry ketone, zingerone) and related compounds, with complex phylogeographical patterns that reflect the sensory biases of different Bactrocera and Zeugodacus fly species (Nakahira et al. 2018) . As in the case of euglossine bee-pollinated Neotropical orchids, tephritid fly-pollinated Bulbophyllum orchids have complex color patterns and morphological structures that compel male flies to lose their balance and thereby acquire and deposit pollinia (Tan and Nishida 2000) . However, in both cases, primary attraction to the orchid flowers is olfactory.
Floral mimicry and deception are driven by cognitive misclassification, in which pollinators mistake deceptive flowers for other objects (rewarding flowers, brood sites, mates) important to their adult biology (Johnson and Schiestl 2016) . Obligate mutualism in which pollinators visit flowers for reproductive purposes is especially vulnerable to floral deception because of strong selective pressure to respond (and not habituate) to the sensory cues of brood sites and mates. The chemical ecology of brood-site deception is best understood in fly-pollinated systems involving the mimicry of dung (oligosulfides) or carrion (cresol and indole; Jürgens et al. 2013; Urru et al. 2011) , with recent studies elucidating brood-site mimicry of rotting fruit, sap or yeasts nurtured by these substrates (small aliphatic alcohols and esters; Martos et al. 2015; Stökl et al. 2010 ). Brood-site deceptive flowers or inflorescences often take the form of kettle traps, to which duped insects are attracted by volatile compounds, and within which they are held captive as a mechanism for ensuring pollen placement or transfer (Bernhardt 2000, Burgess et al. 2004; Chartier et al. 2014; Heiduk et al. 2015) . Furthermore, many brood-site deceptive plants are thermogenic, presumably because heat is an important cue attracting flies to dead or decaying substrates (Angioy et al. 2004; Schiestl 2017) . Interestingly, neither floral chambers (Meve and Liede 1994) nor heat (Burgess et al. 2004) are necessary to persuade female flies to oviposit into broodsite deceptive flowers.
An intriguing theme to emerge from research on broodsite deception is that pollinator specialization often results from the combined effects of chemical and morphological "floral filters" Raguso 2008) . For example, Gastrodia similis orchids use a blend of volatile esters to attract a subset of the drosophilid fly community that breeds on fallen fruit in the rainforest understory of Reunion Island, but only one of these species (Scaptodrosophila bangi) can fit through the aperture of the floral chamber (Martos et al. 2015) , similar to the way that fig wasps find and enter figs. Similarly, Orbea lutea (Apocynaceae) attracts a spectrum of carrion flies to their large, sulfide-scented flowers in the grasslands of southern Africa, but of these visitors, only Atherigona (Muscidae) flies are small enough to fit within the morphological gap formed by the inner corona lobes and, thus, effectively transfer pollinia (Shuttleworth et al. 2017) .
Sexual deception was not thought to be common in flypollinated systems, but recent studies indicate high taxonomic diversity and a global reach for this mode of pollination. Rewardless Andean orchids in the genera Trichoceros and Telipogon have long been suspected of sexual deception, using male tachinid flies as dupes (van der Pijl and Dodson 1966) . Recent work by Martel et al. (2016) demonstrated that the flowers of Telipogon peruvianus attract male Eudejeania tachinid flies as pollinators. Chemical and behavioral analyses revealed that these flowers mimic both the cuticular hydrocarbon blend used by female Eudejeania flies to attract males and the yellow ray florets of the aster flowers upon which male flies seek mates in montane habitats (Martel et al. 2019 ). A similar system occurs in northwestern South Africa, in which male Megapalpus capensis flies (Bombyliidae) are attracted to modified ray florets of the daisy Gorteria diffusa (Johnson and Midgley 1997) . Subsequent experiments have shown that female M. capensis flies drink nectar from flowers of G. diffusa, that male flies visit these flowers seeking females, that males mistake dark callus on ray florets as females and attempt to copulate with them, and that male visits enhance Gorteria pollen flow beyond distances moved by females (Ellis and Johnson 2010) . Pollination by pseudo-copulation also has been discovered in Lepanthes orchids growing in Costa Rican cloud forest habitats, in which male fungus gnats (Bradysia floribunda; Sciaridae) may ejaculate a spermatophore onto the flower (Blanco and Barboza 2005) . Because there are more than 800 described species in the genus Lepanthes, all with rewardless flowers, sexual deception by flies may be far more widespread than has been appreciated.
Blurring the boundaries-mixed modes and unusual niches
One problem inherent to the study of pollination is the hazard of assigning plant-pollinator interactions to exclusive categories (Fenster et al. 2004) . For the purpose of this review, I have distinguished between pollination systems driven by the acquisition of adult nutrition (nectar and pollen) and those driven by reproductive processes (mating, oviposition). However, in practice, the boundaries between these categories often become blurry. The G. diffusa daisies described above combine nectar rewards and sexual deception to affect pollination by female and male bombyliid flies, respectively (Ellis and Johnson 2010) , a reminder that many insects use flowers as rendezvous sites for mating (Spaethe et al. 2007) . Moreover, brood-site deceptive systems with kettle trap flowers often provide nectar or other nutritious secretions to their trapped pollinators (Chartier et al. 2014; Woodcock et al. 2014) , reflecting the common observation that adult dung flies and carrion flies often feed from these substrates (Jürgens et al. 2013) . Recent studies of Dracula lafleurii orchids in Ecuador indicate that both sexes of Zygothrica (Drosophilidae) flies treat the mushroom-mimicking flowers as if they were host mushrooms, at which they court, mate, wage territorial contests and feed on surface-growing yeasts (Endara et al. 2010 ). The lone difference is the observation that these flies do not oviposit on the orchid flowers, as their larvae do not reach maturity when cultured on D. lafleurii floral tissues (Policha et al. 2019) . Behavioral studies revealed that mushroom-mimicking labellum volatiles attract the flies to the orchids, but additional chemical cues on the umbrella-like sepals are necessary to mediate the full spectrum of fly behaviors leading to pollination (Policha et al. 2016) .
The greatest challenge to understanding the full spectrum of fly pollination is our collective ignorance of the life history details and ecological niches of many/most dipteran lineages (Larson et al. 2001) . For example, we now know that pollination by tiny kleptoparasitic frit flies (Chloropidae) can be accomplished either by feeding them nectar from flowers too small or too unapparent to be visited by more conventional pollinators (Genoplesium littorale [Orchidaceae]; Bower et al. 2015) , providing them with a protected, pollenbased brood site (Peltandra virginica [Araceae]; Patt et al. 1995) or luring them to kettle traps whose volatiles mimic the odors of wounded or (spider-) killed insects (Aristolochia rotunda [Aristolochiaceae]; Oelschlägel et al. 2015) . The convergent evolution of a volatile-mediated kettle trap in chloropid-pollinated Ceropegia dolichophylla (Apocynaceae; Heiduk et al. 2015) suggests that an important pollination niche has been overlooked. Bogarín et al. (2018) describe a similar case of convergent evolution for pollination by biting midges (Ceratopogonidae), including species of Trichosalpinx and Bulbophyllum orchids, different species of Aristolochia and Ceropegia, as well as Theobroma cacao (Malvaceae), the natural source of chocolate. In this case, attraction of female flies appears to involve the provision of small amounts of floral protein, dark, hirsute floral structures and cuticular chemistry recalling animal skin or sebaceous gland secretions.
Conclusions
We are just beginning to appreciate the full spectrum of pollinator niches associated with dipteran diversity, as many of the studies described here represent much larger lineages of both plants and pollinators. The careful studies of Semir (1998, 2001) in the Campos Rupestres of eastern Brazil indicate highly specialized relationships between Bulbophyllum and Pleurothallis orchids and chloropid, milichiid and phorid fly pollinators, mediated by complex morphological, visual and chemical mechanisms. Yet, these two orchid genera account for over 3500 described species, most with unknown reproductive biology. Similarly, our rapidly growing knowledge of pollinator identity, behavior and diversity in the kettle trap genera Aristolochia (over 450 spp) and Ceropegia (c. 200 spp) highlights the involvement of an unanticipated diversity of fly lineages as pollinators (Berjano et al. 2009; Ollerton et al. 2017) . Given that many of these lineages include economically important pests, parasites, disease vectors and/or may provide important resources to other such organisms, there are compelling reasons to justify increased research activity on pollination by flies.
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